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REMARKS 

Claims 1-15, 17-19 and 21-36 are pending in the subject 
application. The Examiner stated that claims 1-13 and 24-36 
are withdrawn from consideration. Applicants have hereinabove 
amended claims 14 and 21. Support for the amendment to claim 
14 may be found inter alia in the specification on page 26, 
lines 23-31. Applicants maintain that none of the changes to 
the claims raise an issue of new matter. 

In making this amendment, applicants neither concede the 
correctness of the Examiner's rejections, nor abandon their 
right to pursue in a continuing application embodiments of the 
instant invention no longer claimed in this application. 
Applicants maintain that this amendment raises no issue of new 
matter, and respectfully request entry of this Amendment. 
Upon entry of this Amendment, claims 14, 15, 17-19 and 21-23 
will be pending and under examination. 

In view of the arguments set forth below, applicants maintain 
that the Examiner's rejections have been overcome and 
respectfully request that the Examiner reconsider and withdraw 
same . 

Rejection Under 35 U.S.C. §112, First Paragraph 

The Examiner rejected claims 14, 15, 17-19 and 21-23 under 35 
U.S.C. §112, first paragraph, as allegedly failing to comply 
with the written description requirement. The Examiner stated 
that the claims contain subject matter which was not described 
in the specification in such a way as to reasonably convey to 
one skilled in the relevant art that the inventors, at the 
time the application was filed, had possession of the claimed 
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invention. 

The Examiner stated that the instant claims are method claims 
reliant upon the identity of homologues of SEQ ID NO: 2. The 
Examiner stated that the specification fails to provide a 
written description of said homologues and further states that 
there are no known homologues of Smll. The Examiner stated 
that the specification states that it is likely that a 
homologue of Smll will be identified in human as the subunits 
of ribonucleotide reductase in yeast are closely related to 
those of humans (page 26, lines 33-36) . The Examiner states 
that the specification further contemplates that homologues of 
Smll, such as a human, microbial, plant or insect Smll are 
other embodiments of Smll. The Examiner stated that the 
specification lacks adequate written description of the genus 
of homologues of Smll. 



Citing the findings in University of California v. Eli Lilly 
and Co., 119 F.3d 1559, 43 USPQ2d 1398 (Fed. Cir. 1997) and 
Enzo Biochem, Inc. V. Gen-Probe Inc. , the Examiner stated that 
although the inventions at issue in Lilly and Enzo were DNA 
constructs per se, the holdings of those cases are also 
applicable to claims such as those at issue here. The Examiner 
stated that the instant specification may provide an adequate 
written description of the homologues of Smll per Lilly by 
structurally describing a representative number of homologues 
of Smll which features constitute a "substantial portion of 
the genus." The Examiner stated that, alternatively, per Enzo, 
the specification can show that the claimed invention is 
complete "by disclosure of sufficiently detailed, relevant 
identifying characteristics, * functional characteristics when 
coupled with a known or disclosed correlation between function 
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and structure, or some combination of such characteristics." 

The Examiner stated that, in this case, the specification does 
not describe the homologues of Smll relied upon in the instant 
method claims or the pharmaceutical compositions of claims 21- 
23 in a manner that satisfies either the ~ Lilly or Enzo 
standards. The Examiner stated that the specification does not 
provide the complete structure of homologues of Smll other than 
SEQ ID NO: 2, nor does the specification provide any partial 
structure of such homologues, nor any physical, chemical or 
functional characteristics of the homologues coupled with a 
known or disclosed correlation between structure and function. 
The Examiner stated that although the specification discloses 
a single member of this genus as SEQ ID NO: 2, this does not 
provide a description of a genus of homologues on which the 
instant method claims rely that would satisfy the standard set 
out in Enzo, 

The Examiner stated that the specification also fails to 
describe the genus of homologues by the test set out in Lilly. 
The Examiner stated that the specification describes only a 
single member of the genus, SEQ ID NO:2. The Examiner stated 
that, therefore, it necessarily fails to describe a 
"representative number" of such members of the genus. In 
addition, the specification also does not describe "structural 
features common to the members of the genus, which features 
constitute a substantial portion of the genus." The Examiner 
stated that because the product to which the instant method 
claims relate is not adequately described, the methods are also 
not adequately described. 



In response, applicants respectfully traverse. Without 
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conceding the correctness of the Examiner's remarks, applicants 
note that claim 14, as amended, does not recite the term 
"homologue." Therefore, applicants maintain that claims 14, 
15, 17-19 and 21-23 satisfy the written description 
requirement of 35 U.S.C. §112, first paragraph and the 
standards set forth in Lilly and Enzo. Accordingly, applicants 
respectfully request that the Examiner reconsider and withdraw 
this ground of rejection. 

Claims 21-23 

The Examiner stated that claims 21-23 embody pharmaceutical 
compositions identified by the screening assay of claim 14. The 
Examiner stated that the genus is highly variant encompassing 
compounds which differ widely in structure from the fragments 
of Smll and include organic compounds , inorganic compounds, 
lipids, peptidomimet ics and synthetic compounds as evidenced 
by claim 15. The Examiner stated that the genus thus comprises 
compounds having numerous functions apart from the fragments of 
Smll. The Examiner stated that the specification describes 
fragments of Smll as a member of this genus. The Examiner 
stated that, however, this disclosure does not satisfy the 
written description requirement of the pharmaceutical 
compositions of claims 21-23 by the standards set forth in 
either hilly or Enzo. The Examiner noted that because the 
compounds have yet to be identified, they cannot be 
characterized, and therefore the specification would not be 
able to provide an adequate written description of compounds 
which are yet to be identified. The Examiner recommended 
amendment of claims 21-23 to limit the scope of the claims to 
consisting of fragments of SEQ ID NO: 2. 

In response, applicants respectfully traverse. Without 
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a- 

conceding the correctness of the Examiner's remarks, applicants 
point out that claim 21, as amended, is directed to a 
pharmaceutical composition comprising s fragment of Smll 
protein and a carrier. Therefore, applicants maintain that 
claims 21-23 satisfy the written description requirement of 35 
U.S.C. §112, first paragraph. Accordingly, applicants 
respectfully request that the Examiner reconsider and withdraw 
this ground of rejection. 

Claim 14 

The Examiner stated that claim 14 has been amended to qualify 
the compounds to which the cell is contacted as being 
determined to mimic the binding to the Smll protein to 
ribonucleotides reductase in the cell. The Examiner stated that 
the specification does not provide support for the addition of 
this step in the instant method claim, and applicants allegedly 
did not point to the page and line numbers of the 
specification where support could be found. 

In response , applicants respectfully traverse . Applicants 
maintain that the subject specification does provide support 
for this step. Specifically, applicants direct the Examiner to 
page 17, lines 18-22 which recites that "one embodiment of the 
present invention is wherein the compound is a pept idomimet ic 
having the biological activity of Smll or wherein the compound 
has a bond, a peptide backbone or an amino acid component 
replaced with a suitable mimic." Therefore, applicants maintain 
that claim 14 satisfies the written description requirement of 
35 U.S.C. §112, first paragraph. Accordingly, applicants 
respectfully request that the Examiner reconsider and withdraw 
this ground of rejection. 
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Rejection Under 35 U.S.C. §102 (e) 

Li et al. (U.S. Patent No. 5,767,134) 

The Examiner maintained the rejection of claims 14, 15, 18 and 
19 under 35 U.S.C. §102 (e) as being anticipated by Li et al 
for reasons of record. The Examiner also rejected claims 21 
and 22 as allegedly being anticipated by Li et al . 

The Examiner stated that Li et al . disclose a method of 
decreasing the activity of ribonucleotide reductase in a human 
cell comprising the administration of heterocyclic 
thiosemicarbazones , i.e. 3 -aminopyridine-2-carboxyaldehyde 
thiosemicarbazone or 3 -amino-4 -methylpyridine-2 -carboxaldehyde 
thiosemicarbazone (column 1, lines 15-50 and column 2, lines 
31-34 and column 4, lines 35-41). The Examiner stated that Li 
et al . disclose pharmaceutical compositions comprising said 
compounds (column 9, line 27 to column 10, line 2) which 
include carriers for oral, topical, subcutaneous and 
intravenous administration, thus fulfilling the specific 
embodiments of claim 22. The Examiner stated that the 
compounds disclosed by Li et al . inhibit the activity of 
ribonucleotide reductase. The Examiner stated that the 
reference does not specifically teach that the inhibition of 
the ribonucleotide reductase alters the interaction between 
said ribonucleotide reductase and Smll, however, the 
administration of the compounds disclosed by Li et al . result 
in inhibition of ribonucleotide reductase and a reduction in 
tumor growth which appears to have the same effect as the 
claimed alteration of the interaction between ribonucleotide 
reductase and Smll which reduces the rate of cell division. 
The Examiner stated that the office does not have the 
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facilities and resources to provide the factual evidence 
needed in order to establish that the product of the prior art 
does not possess the same material, structural and functional 
characteristics of a compound which alters the interaction 
between ribonucleotide reductase and Smll resulting in a 
decrease in cell division rate. The Examiner stated that in 
the absence of evidence to the contrary, the burden is on the 
applicants to prove that the claimed product is different from 
those taught by the prior art and to establish patentable 
differences . 

The Examiner stated that applicants' argument that Li et al . 
cannot anticipate the instant claims because Li et al . do not 
disclose SEQ ID NO : 2 . has been considered but not found 
persuasive. The Examiner stated that the instant claims are 
drawn to contacting a cell with a compound that would mimic 
the binding of Smll to ribonucleotide reductase, wherein Smll 
is SEQ ID NO: 2 or a homologue thereof. The Examiner stated 
that if the compounds disclosed by Li et al . inherently mimic 
the binding of Smll, or a homologue thereof, to ribonucleotide 
reductase, then the specific embodiments of the claims are 
fulfilled. The Examiner stated that it is not necessary to 
disclose the sequence of SEQ ID NO: 2. The Examiner stated that 
the compounds disclosed by Li et al . inhibit the activity of 
ribonucleotide reductase. The Examiner stated that therefore, 
it is likely that they compete with the binding of a homologue 
of SEQ ID NO: 2 and thus "mimic" the binding of Smll on 
ribonucleotide reductase . 

In response, applicants respectfully traverse the Examiner's 
rejection. Applicants attach hereto as Exhibit A a copy of 
Chaston et al. (Clinical Cancer Research 9: 402-414 (2003)) 
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which describes the mechanism of action of heterocyclic 
thiosemicarbazones , namely 0 3 -aminopyridine-2 -carboxaldehyde 
thiosemicarbazone cited in Li et al . as "3-AP" and as Triapine* 
in Chaston et al . (page 403, bottom left column) . Chaston et 
al . teach that heterocyclic thiosemicarbazones inhibit the 
activity of ribonucleotide reductase by chelating iron used to 
supply the R2 subunit of ribonucleotide reductase (page 412, 
right column, i|2). Therefore , " the compounds of Li et al . would 
appear to function in a manner other than by binding the Rl 
subunit. Accordingly, based on the foregoing, it is 
unreasonable to conclude that Li et al . teach a screening 
assay employing compounds determined to mimic the binding of 
Smll protein to the large subunit of ribonucleotide reductase, 
i.e. the Rl subunit. Thus, Li et al . fails to teach each and 
every element of the rejected claims. 

Cooperman et al . (U.S. Patent No. 6,030,942) 

The Examiner maintained the rejection of claims 14, 15, 18 and 
19 under 35 U.S.C. §102 (e) as ^being anticipated by Cooperman et 
al (U.S. 6,030,942) for reasons of record. The Examiner also 
rejected claims 21 and 22 as being anticipated by Cooperman et 
al. 

The Examiner stated that Cooperman et al . disclose an assay 
for the identification ** of ribonuclease reductase 
peptidomimetics that are able to reduce the division rate of 
the cell (column 12, lines 55-58) . The Examiner stated that 
Cooperman et al . disclose pharmaceutical compositions for the 
aerosol, topical and intravenous administration of the 
peptidomimetics (column 40, lines 32-67), thus fulfilling the 
specific embodiments of claims 21 and 22. The Examiner stated 
that Cooperman et al . disclose that it is desirable to inhibit 
the ribonuclease reductase of a pathological cell type of a 
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human, such as a cancer cell (column 14, lines 17-19) , thus 
fulfilling the specific embodiments of claims 18 and 19 drawn 
to mammalian cells and human cells, respectively. The Examiner 
stated that Cooperman et al . do not specifically disclose that 
the pept idomimetic will alter the interaction between the 
ribonucleotide reductase and the Smll protein in the cell, 
however, this would be inherent in the method of Cooperman et 
al . as the peptidomimetics would compete with ribonucleotide 
reductase for binding to Smll. 

The Examiner stated that applicants argue that Cooperman et 
al . cannot anticipate the instant claims because Cooperman et 
al . do not disclose SEQ ID NO:2. The Examiner stated that this 
has been considered but not found persuasive. The Examiner 
stated that the instant claims are drawn to contacting a cell 
with a compound that would mimic the binding of Smll to 
ribonucleotide reductase, wherein Smll is SEQ ID NO: 2 or a 
homologue thereof. The Examiner stated that if the compounds 
disclosed by Cooperman et al . inherently mimic the binding of 
Smll, or a homologue thereof, ..to ribonucleotide reductase, then 
the specific embodiments of the claims are fulfilled. The 
Examiner stated that It is not necessary to disclosure the 
sequence of SEQ ID NO: 2. 

In response, applicants respectfully traverse the Examiner's 
rejection. Applicants point out that Cooperman et al . describe 
peptides and peptidomimetics which exhibit the conformation 
exhibited by the carboxy- terminal portions of the R2 subunits 
of ribonucleotide reductase when each of the R2 subunits is 
bound to the Rl subunit of ribonucleotide reductase, i.e. the 
intact ribonucleotide reductase (see column 17, lines 23-27). 
Since Smll binds the Rl subunit of the intact ribonucleotide 
reductase, i.e. R1 2 R2 2 , it necessarily binds Rl simultaneously 
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with R2 bound to Rl . Therefore, it is unreasonable to 
conclude, based on Cooperman et al . , that the peptides of 
Cooperman et al . bind the same domain of Rl as Smll since they 
were created to bind the domain of Rl usually bound by R2 . 
Therefore, it is unreasonable to conclude that Cooperman et 
al . teach a screening assay employing compounds determined to 
mimic the binding of Smll protein to the large subunit of 
ribonucleotide reductase. Thus Cooperman et al . fails to teach 
each and every element of the rejected claims. 

In view of the above remarks, applicants maintain that claims 
14, 15, 18, 19, 21 and 22 satisfy the requirements of 35 
U.S.C. §102(e). Accordingly, applicants respectfully request 
that the Examiner reconsider and withdraw these grounds of 
rejection. 

Rejection Under 35 U.S.C, §103 (a) 

The Examiner rejected claims 14, 15, 18, 19 and 21-23 under 35 
U.S.C. §103 (a) as allegedly being unpatentable over Li et al . 
(U.S. 5,767,134) in view of Brown et al . (US 4,393,041). 

In response to the Examiner's rejection, applicants 
respectfully traverse, and maintain that the Examiner has 
failed to establish a prima facie case of obviousness against 
the rejected claims. 

To establish a prima facie case of obviousness, the Examiner 
must demonstrate three things with respect to each claim. 
First, the cited references, when combined, teach or suggest 
each element of the claim. Second, one of ordinary skill would 
have been motivated to combine the teachings of the cited 
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references at the time of the invention. And third, there 
would have been a reasonable expectation that the claimed 
invention would succeed. 

With respect to Li et al . applicants maintain that this 
reference is inapposite to the rejected claims for the reasons 
set forth above. 

Brown et al . do not describe the SML1 gene or protein, a 
screening assay employing compounds determined to mimic the 
binding of Smll protein to ribonucleotide reductase or 
compositions which comprise such compounds. 

To support a case of prima facie obviousness, Li et al . and 
Brown et al . , when combined, would have to teach or suggest 
all elements of the rejected claims. Moreover, there would 
have to have been a motive to combine them, and a reasonable 
expectation of the invention's success at the time of the 
invention . 

Li et al . and Brown et al . together fail to teach or suggest 
all elements of the claimed invention. Accordingly, the 
Examiner has failed to establish the prima facie obviousness 
of the rejected claims over these references. 



In view of the above remarks, applicants maintain that claims 
14, 15, 18, 19 and 21-23 satisfy the requirements of 35 U.S.C. 
§103 (a) . 
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Summary 



For the reasons set forth hereinabove, applicants respectfully 
request that the Examiner reconsider and withdraw the various 
grounds of rejection and earnestly solicit allowance of the 
pending claims, i.e. claims 14, 15, 17-19 and 21-23. 

If a telephone interview would be of assistance in advancing 
prosecution of the subject application, applicants' 
undersigned attorneys invite the Examiner to telephone them at 
the number provided below. 

No fee is deemed necessary in connection with the filing of 
this Amendment. However, if any fee is required, authorization 
is hereby given to charge the amount of such fee to Deposit 
Account No. 03-3125. 



Respectfully submitted, 




John P. White 



I hereby certify that this correspondence is being 
deposited this date with the U.S. Postal Service with 
sufficient postage as first class mail in an envelope 
addressed to: Mail-Stop Amendment, Commissioner for 
Patents, P.O^Box l450, Alexandria, VA 22313-1450. 
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Alan J. Morrison 



Registration No. 37,399 
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Tel. No. (212) 278-0400 
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Examination of the Antiproliferative Activity of Iron Chelators: 
Multiple Cellular Targets and the Different Mechanism of 
Action of Triapine Compared with Desferrioxamine and 
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ABSTRACT 

Purpose: Tumors are sensitive to iron (Fe) chelation 
therapy with the clinically used chelator desferrioxamine 
(DFO). Recently, the potent inhibitor of ribonucleotide re- 
ductase, Triapine, has entered clinical trials as an anticancer 
agent. This compound is a potential Fe chelator, but despite 
this, no investigations have examined its effect on cellular Fe 
metabolism. This is essential for understanding its mecha- 
nism of action and clinical effects* 

Experimental Design: We compared the effect of Tria- 
pine with DFO, and also with the novel Fe chelator, 311, 
which shows marked antiproliferative activity. This latter 
ligand was relevant to compare, because it is tridentate like 
Triapine and shares structural similarity. We assessed the 
effects of chelators on proliferation, Fc uptake, Fe efflux, the 
expression of cell cycle control molecules, and iron-regula- 
tory protein-RNA-binding activity. Redox activity was de- 
termined by ascorbate oxidation, benzoate hydroxylation, 
plasmid DNA degradation, and the precipitation of cellular 
DNA. These studies have been performed using several neu- 
roepithelioma and neuroblastoma cell lines and a variety of 
normal cell types including fibroblasts, umbilical vein endo- 
thelial cells, skeletal muscle cells, monocyte-derived macro- 
phages, and bone marrow stem cells. 

Results: Triapine was twice as effective as DFO at 
mobilizing 59 Fe from prelabeled cells but was much less 
efficient than 311. In terms of preventing 59 Fe uptake from 
Tf, Triapine and DFO had similar activity, having far less 



efficacy than 311. All three of the chelators showed greater 
activity against the proliferation of neoplastic than of nor- 
mal cells, the effect of 311 and Triapine being similar and 
these two chelators being significantly (P < 0.0001) more 
active than DFO. Complexation of Triapine with Fe had no 
appreciable effect on its antiproliferative activity, whereas 
addition of Fe totally inhibited the effects of DFO and 311. 
Furthermore, the Triapine Fe complex was shown to be 
redox active. 

Conclusion: The cytotoxic mechanism of action of Tria- 
pine was different from that of DFO and 311, with the 
combined action of Fe chelation and free radical generation 
being involved. 

INTRODUCTION 

Many in vitro studies as well as clinical trials have dem- 
onstrated that some tumors, particularly neuroblastoma and leu- 
kemia, are sensitive to iron (Fe) chelation therapy (1-5). The 
ability of chelators to inhibit growth reflects the well-known 
importance of Fe in a variety of crucial metabolic pathways 
including DNA synthesis and ATP production (6). Cancer cells, 
as compared with their normal counterparts, generally have 
higher levels of the TfRl 3 (7) and take up Fe from Tf (8, 9). The 
Fe requirement of tumor cells is indicated by the fact that some 
antibodies that block Tf binding to cells inhibit Fe uptake and 
cancer cell growth (10, 11). This is reflected by. the ability of 
tumors to be radiolocalized using 67 Ga (12), which binds to the 
Tf-Fe-binding site and is delivered by receptor-mediated endo- 
cytosis (13). 

The greater susceptibility of tumor cells than normal cells 
to Fe chelators has been seen in numerous studies with the 
clinically used chelator, DFO (14—20). However, DFO suffers a 
number of serious disadvantages including high cost, a short 
plasma half-life, very limited membrane permeability, poor ab- 
sorption from the gut, and its requirement for long s.c. admin- 
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5-HP 

Fig. J Structural formulae of DFO, 2-hydroxy-l-naphthylaldehydc 
isonicotinoyl hydrazone (3 J J), Triapine (3-aminopyridine-2-carboxal- 
dehyde thiosemicarbazone), and 5-HP. 



istration (12-24 h/day, 5-6 times/week; Ref. 6). In some cases, 
this has led to poor antitumor activity (6). Hence, additional 
studies are necessary to develop more effective ligands as anti- 
cancer agents. 

Iron is a useful target because of its important role in the 
active sites of a range of proteins. These molecules include RR, 
which is critical for DNA synthesis (21, 22). RR consists of two 
subunits, an Rl subunit, which is involved in the binding of 
ribonucleotides and allosteric effectors, and an R2 subunit, 
which contains a tyrosyl radical that is stabilized by Fe (21). The 
Fe in the R2 subunit is essential for catalytic activity and is an 
obvious target for chemotherapeutic agents. Indeed, comparing 
several key enzymes, RR shows the greatest increase of activity 
in neoplastic tissues compared with their normal counterparts 
(23-26). 

Investigations by Sartorelli and others (27-30) have dem- 
onstrated that the HCT chelators are among the most efficient 
RR inhibitors identified. One of the most active of these ligands 
is 5-HP (Fig. 1; Ref. 31). However, this drug was glucu- 
ronidated and rapidly excreted (32, 33). New HCTs have been 
developed that are resistant to glucuronidation and rapid elim- 
ination, a good example being 3-aminopyridine-2-carboxalde- 
hyde thiosemicarbazone (Triapine; Fig. 1 ; Refs. 28, 34). 

Triapine has recently been examined in a Phase 1 clinical 



trial, and has shown impressive results (28). For instance, this 
ligand shows selective antitumor activity and is fully inhibitory 
to cancer cells that show resistance to HU (28, 35). Although 
other thiosemicarbazones effectively bind Fe and result in Fe 
excretion in humans (32, 33), there have been no studies to 
investigate the effects of Triapine on Fe metabolism at the 
cellular or molecular level. Such experiments on this drug are 
important, considering current clinical trials and the possible 
side effects of Triapine treatment. 

In the present study, we examined the Fe chelation 
efficacy and mechanism of action of Triapine compared with 
DFO and a novel chelator of the PIH class known as 2-hydroxy- 
1 -napthylaldehyde isonicotinoyl hydrazone (311). This chelator 
has some structural similarity to thiosemicarbazones (see Fig. 1) 
and shows high Fe chelation efficacy and antitumor activity 
(36-39). We demonstrated that Triapine has activity somewhat 
similar to that of DFO but is far less efficient than 311. All three 
of the chelators increased IRP RNA-binding activity, which 
suggests chelation of intracellular Fe pools. Together, these 
results suggest that patients undergoing Triapine treatment 
should be monitored for Fe depletion. Our studies also indicated 
that the chelators act on multiple targets including RR and 
critical molecules involved in cell cycle progression. In addi- 
tion, all chelators, but particularly 311 and Triapine, show 
selective antitumor activity. In contrast to DFO and 311, the 
antiproliferative activity of Triapine involves not only Fe che- 
lation, but also the generation of cytotoxic free radicals via a 
redox-active Fe complex. 

MATERIALS AND METHODS 
Chelators 

Chelator 311 was synthesized and characterized using 
standard procedures (39). DFO was purchased from Novartis 
(Summit, NJ). Triapine (3-aminopyridine-2-carboxaldehyde 
thiosemicarbazone) was a gift from Vion Pharmaceuticals Ltd 
(New Haven, CT). The DFO-Fe complex was prepared as 
described previously (40). 

Antibodies 

All antibodies were from Sigma Chemical Co. (St. Louis, 
MO) and Santa Cruz Biotechnology Inc. (Santa Cruz, CA) as 
described previously (41). 

Cell Culture 

The human SK-N-MC neuroepithelioma, MRC-5 fibro- 
blast, and rat L8 skeletal muscle cell line were obtained from the 
American Type Culture Collection (Manassas, VA). The Kelly 
neuroblastoma cell line was from the European Collection of 
Cell Cultures (Salisbury, Wiltshire, United Kingdom). The hu- 
man BE-2 neuroblastoma cell line was a gift from Dr. G. 
Anderson (The Queensland Institute of Medical Research, Bris- 
bane, Queensland, Australia). All of the cell lines were grown in 
Eagle's modified MEM (Life Technologies, Inc., Sydney, Aus- 
tralia) containing 10% FCS (Life Technologies, Inc.), 1% (v/v) 
nonessential amino acids (Life Technologies, Inc.), 100 u-g/ml 
streptomycin (Life Technologies, Inc.), 100 units/ml penicillin 
(Life Technologies, Inc.), and 0.28 u,g/ml fungizone (Squibb 
Pharmaceuticals, Montreal, Canada). Cells were grown in an 
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incubator (Forma Scientific, Marietta, OH) at 37°C in a humid- 
ified atmosphere of 5% C0 2 /95% air and subcultured as de- 
scribed previously (36). Primary cultures of HUVECs and MM- 
DMs were prepared using standard techniques (42, 43). Bone 
marrow stem cell cultures were prepared using established 
methods (44). Cellular growth and viability were assessed by 
phase contrast microscopy, cell adherence to the culture sub- 
stratum, and trypan blue staining. 

Protein Labeling 

ApoTf (Sigma) was prepared and labeled with 56 Fe or 5y Fe 
[as ferric chloride in 0.1 m HC1 (DuPont NEN, Boston, MA)] to 
produce diferric Tf ( 59 Fe-Tf or 56 Fe-Tf; Ref. 9). Radioactive 
59 Fe was used for Fe uptake and efflux studies, whereas non- 
radioactive 56 Fe was used in proliferation assays. 

Effect of Chelators and Their Fe(lII) Complexes 
on Cellular Proliferation 

The effect of the chelators and their Fe(IlI) complexes on 
the proliferation of normal and neoplastic cells was examined 
using the MTT assay by the same method described previously 
(36, 39). The Fe(IIl) complexes of the chelators were prepared 
by adding Fe (as FeCl 3 ) to the ligands in a 1:1 ligand:metal ratio 
for the hexadentate chelators (i.e., DFO) and a 2:1 ligand:metal 
ratio for the tridentate chelators (i.e., 311 and Triapine). The 
solutions were then mixed thoroughly and incubated for 1 h at 
37°C before their addition to cell cultures. 

The effect of the chelators and their Fe(lll) complexes on 
cellular proliferation were examined by seeding cells in 96-well 
microliter plates at 15,000 cells/well in 100 u>l of complete 
medium containing human diferric Tf (1.25 u,m; Refs. 36, 39). 
This seeding density resulted in exponential growth of the cells 
during the duration of the assay. The cells were allowed to grow 
overnight, and the chelators or Fe(JH) complexes were then 
added in 100 jxl of complete medium containing unlabeled 
diferric Tf (1.25 |xm; Refs. 36, 39). The final concentrations of 
the chelators or Fe(Ill) complexes were 0.39-25 jam. Control 
samples contained complete medium and diferric Tf (1.25 jjlm). 
Cells were incubated for 22-70 h at 37°C in a humidified 
atmosphere containing 95% air and 5% C0 2 - After this incuba- 
tion. 10 |xl of MTT was added to each well and the plates 
incubated for 2 h at 37°C. The cells were then solubilized by 
adding 100 uJ of 10% SDS-50% isobutanol in 0.01 m HC1, and 
the plates were then read at 570 nm on a scanning multiwell 
spectrophotometer (Tecan Sunrise; Tecan Austria, Salzburg, 
Austria). The results of the MTT assays are expressed as a 
percentage of the control value. For all cell types, the prolifer- 
ation data obtained using the MTT assay correlated well with 
cell numbers estimated via microscopy (36). 

Iron Uptake and Iron Efflux Experiments 

The effect of chelators on 59 Fe uptake from 59 Fe-Tf and 
59 Fe release from prelabeled cells was studied using standard 
procedures (36, 37). Briefly, in Fe efflux studies, cells were 
labeled with 59 Fe-Tf (0.75 u.m) for 3 h at 37°C. The cells were 
placed on ice and washed four times with ice-cold BSS, and then 
reincubated for 3 h at 37°C with medium in the presence and 
absence of the chelators (1-50 jxm). After this incubation period, 



the overlying medium was removed to estimate 59 Fe release and 
placed in 7-counting tubes. The cells were removed from the 
plates in 1 ml of BSS using a plastic scraper and were added to 
other counting tubes. Radioactivity was measured using a 
gamma counter with background correction (LKB 1282; Com- 
pugamma, Turku, Finland). The percentage of 59 Fe released 
from the cells was then calculated. 

The effect of the chelators on 59 Fe uptake from 59 Fe-Tf 
was assessed using established methods (36, 37). Briefly, cells 
were incubated with 59 Fe-Tf (0.75 jjlm) in the presence and 
absence of the chelator (1-50 u,m) for 3 h at 37°C. The cells 
were then placed on ice, the overlying medium aspirated, and 
the cell monolayer washed four times with ice-cold BSS. The 
cells were then removed from the plates in 1 ml of BSS and 
placed into 7-counting tubes to assess cellular 59 Fe. 

IRP Gel-Retardation Assay 

The gel-retardation assay was used to measure the interac- 
tion between the lRPs and iron-responsive element using estab- 
lished techniques (45, 46), as described in a previous investiga- 
tion from our laboratory (38). Briefly, the IRE-protein 
complexes were analyzed in 6% nondenaturing polyacrylamide 
gels at 4°C. In parallel experiments, samples were treated with 
p-mercaptoethanol at a final concentration of 2%, before the 
addition of the IRE probe to allow full expression of IRE- 
binding activity. The IRE-protein complexes were quantified by 
scanning densitometry. 

EPR Spectroscopy Measurement of RR 

EPR spectroscopy studies of the tyrosyl radical of RR were 
performed using a Bruker EMX X-band spectrometer with 
100-kHz field modulation. EPR spectra were recorded at 
— 196°C using a liquid nitrogen dewer. Spectrometer settings 
were gain, 1 X 10 6 ; modulation amplitude, 0.3 mT; time con- 
stant, 20.5 mS; sweep time, 20.97 mS; center field, 338 mT; 
field sweep width, 20 mT; microwave power, 2 mW; frequency, 
9.4 GHz with 32 acquisitions averaged. Spectral manipulations 
were performed using the program WINEPR (47). Exponen- 
tially growing cells were incubated at 37°C for 24 h in the 
presence or absence of 3 1 1 or Triapine (25 u-m) and harvested 
by centrifugation at 2000 rpm for 15 min at 4°C. The cells were 
frozen at — 1 96°C and EPR spectra recorded (45). Blank spectra 
were subtracted after storage of samples overnight at — 20°C. 

Northern and Western Blot Analysis 

Northern Blot Analysis. Northern blot analysis was per- 
formed by isolating total RNA using the Total RNA Isolation 
Reagent from Advanced Biotechnologies Ltd (Surrey, United 
Kingdom), as described previously (38). Briefly, RNA (15 u,g) 
was heat denatured at 90°C for 2 min in RNA-loading buffer 
and loaded onto a 1.2% agarose-formaldehyde gel. After elec- 
trophoresis, RNA was transferred to a nylon membrane (Gene- 
Screen; New England Nuclear, Boston, MA) in 10X SSC using 
the 'capillary blotting method. The RNA was then cross-linked to 
the membrane using a UV-cross-linker (UV Stratalinker 1800; 
Stratagene Ltd, La Jolla, CA). 

The membranes were hybridized with probes specific for 
human WAF1, GADD45, TfRJ, and $-cictin. The WAF1 probe 
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consisted of a 1-kb fragment from pSXV (ATCC Cat. no. 
79928). The GADD45 probe consisted of a 760-bp fragment 
from human GADD45 cDNA cloned into pHul45B2 (kindly 
supplied by Dr. Albert Fornace, National Cancer Institute, Be- 
thesda, MD). The TfR] probe consisted of the 2.8-kb coding 
region from the human TfRl cDNA cloned into pCD-TRl 
(kindly supplied by Dr. L. C. Kiihn, Swiss Institute for Exper- 
imental Cancer Research, Epalinges, Switzerland). The $-actin 
probe consisted of a 1 .4-kb fragment from human $-actin cDNA 
cloned into pBluescript SK- (ATCC; Cat. no. 37997). 

Hybridization of probes to membranes and their subse- 
quent washing were performed as described previously (38). 
Densitometric data were collected with a laser densitometer and 
analyzed by Kodak Biomax 1 Software (Kodak Ltd, Hemel 
Hempstead, Hertfordshire, UK). All of the results were normal- 
ized to the $-actin- loading control. 

Western Blot Analysis. Western blot analysis was per- 
formed by standard techniques described in our previous studies 
(41). Briefly, lysates were mixed with loading buffer under 
reducing conditions and were then added (60 u-g/lane) to an 
SDS-polyacrylamide gel (polyacrylamide = 10%). After elec- : 
trophoresis, the proteins were el ectrob lotted for 24 h at 4°C onto 
a PVDF membrane (NEN, Boston, MA). The membrane was 
stained with Ponceau S (Sigma) to ensure that all lanes con- 
tained equal amounts of protein. As an additional check of 
protein loading, membranes were probed for p-actin. Mem- 
branes were then washed in PBS containing 0.1% Tween 20 
(PBST; Sigma) and blocked with 6% nonfat milk and 1% BSA 
(Sigma) in PBS for 60 min. The membranes were then washed 
using three 10 min washes in PBST. 

Antibodies were added to PBS containing 6% nonfat 
milk and 1% BSA. The antibodies were incubated with the 
membranes for 1.5 h at room temperature. The membranes 
were then washed using three 10-min washes in PBST. After 
washing, antimouse (0.03-0.1 jxg/ml) or antirabbit (0.05-0.1 
p,g/ml) antibodies conjugated with horseradish peroxidase 
(Zymed Laboratories) were incubated with the membranes 
for 60 min at room temperature. After washing, the mem- 
branes were developed using the Western Blot Chemilumi- 
nescence Reagent Plus (NEN) by using a 1-min incubation 
and exposure to X-ray film for 30 s to 15 min. The films were 
scanned and montages assembled with Adobe Photoshop. All 
of the densitometric data were normalized to the p-actin- 
loading control. 

Ascorbate Oxidation and Benzoate Hydroxylation Assays 

These assays were performed using standard methods (48). 
In the ascorbate oxidation experiments, ascorbic acid (0.1 mM) 
was incubated in the presence of Fe(IIl) (10 \xm\ added as 
FeCl 3 ), citrate (500 jam), and the chelator (1-60 |xm). Absorb- 
ance at 265 nm was measured after 10- and 40-min incubation 
at room temperature and the decrease between these time points 
calculated (48). 

The benzoate hydroxylation assay is based on the ability of 
hydroxyl radicals to hydroxylate benzoate to fluorescent prod- 
ucts (308 nm excitation and 410 nm emission; Ref. 48). Benzoic 
acid (1 mM) was incubated for 1 h at room temperature in 10 mM 
sodium phosphate (pH 7.4) with 5 mM hydrogen peroxide, the 
Fe chelator (3-180 jam), and ferrous sulfate (30 jam; Ref. 48). 



EDTA was used as a positive control because, although it 
is nominally hexadentate, it is not large enough to surround the 
Fe atom and allows the occupation of the sixth coordination site 
by ascorbate or H 2 0. This results in redox cycling that generates 
free radicals (48). 

Measurement of DNA Integrity Using the Plasmid pGEM- 
7Zrt+) in the Presence of Fe and the Chelator 

The effect of the chelators on the integrity of plasmid 
DNA was performed using the plasmid pGEM-7Z/( + ) (Pro- 
mega Inc., Madison, Wl) as described previously (49). Re- 
agents were added in the following order: purified sterile 
water, chelator (1, 10, and 30 u.m), FeS0 4 (10 u-m), H 2 0 2 (1 
mM), and plasmid DNA (10 u-g/ml; Ref. 50). As controls, 
plasmid linearized with BamHl, plasmid alone, plasmid in- 
cubated with H 2 0 2 , and plasmid incubated with Fe(ll) and 
H 2 0 2 were used. After migration, the DNA bands were 
quantified using a densitometer, and the percentage of SC 
plasmid DNA was calculated via the equation below. A 
correction factor of 1.4 was applied to account for the lower 
fluorescence of supercoiled (SC) forms compared with the 
open circular (OC) and linear (L) forms (50), as follows: 

_ 1.4 X SC 

% SC ~ (L,+ OC + (1.4XSC) X 100 

For the ascorbate oxidation, benzoate hydroxylation, and 
plasmid DNA strand-break assays, we have used the term "iron- 
binding equivalents" (IBEs) to express our data. This was be- 
cause of the different coordination modes of the ligands to Fe, 
i.e., DFO and EDTA are hexadentate and form 1:1 ligand:Fe 
complexes, whereas 3 1 1 and Triapine are tridentate resulting in 
2:1 ligand:Fe complexes. An IBE of 1 is equivalent to the 
complete filling of the coordination shell of the Fe atom by the 
ligand(s). Thus, for a hexadentate chelator {i.e., DFO or EDTA), 
an IBE ratio of 1 represents 1 ligand to 1 Fe atom, whereas for 
a tridentate chelator (i.e., Triapine or 3 1 1) it is equal to 2 ligands 
to 1 Fe atom. An IBE of 0.1 represents an excess of Fe to 
chelator, i.e., 1 hexadentate chelator or 2 tridentate chelators in 
the presence of 1 0 Fe atoms. An IBE of 3 represents an excess 
of chelator to Fe, and is equal to 3 hexadentate chelators or 6 
tridentate chelators in the presence of 1 Fe atom. 

GSH Assay 

Intracellular GSH was measured using 5',5'-dithiobis-(2- 
nitrobenzoic acid) (Sigma; Refs. 51, 52). After incubation of 
cells for 24 h at 37°C with chelators or the GSH synthesis 
inhibitor BSO (0.1 mM), GSH was assessed. BSO is a potent and 
selective inhibitor of 7-glutamylcysteine synthetase that is in- 
volved in GSH synthesis (53). We previously showed that BSO 
at 0.1 mM markedly depletes GSH without affecting cell viabil- 
ity (54). 

DNA Precipitation Assay 

This method was adapted from Olive (55). The SK-N-MC 
cells were labeled with [ 3 H]thymidine (0.5 p.Ci/ml) for 24 h, 
washed three times with BSS, and treated with chelators for 24 h 
at 37°C Cells were added to 0.5 ml of lysis buffer (2% SDS, 10 
mM EDTA, 10 mM Tris, and 0.05 m NaOH) and mixed for 1 min 
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f/g. J The effect of DFO, 31 1, and Tnapine. on the proliferation of neoplastic and normal cells. A, the effect of DFO, 311, Triapine, and their iron 
complexes on the proliferation of SK-N-MC neuroepithelioma cells as a function of chelator concentration. Cellular proliferation was assessed after 
72 h in the presence of the compounds by the MTT assay (see "Materials and Methods" for details). B t the effect of DFO, 311, Triapine, and the 
Triapine-Fe complex on the proliferation of MRC-5 fibroblasts (M) compared with SK-N-MC neuroepithelioma cells (S). Cellular proliferation was 
assessed as in A. C, both 311 and Triapine have similar or less activity than cisplatin but far less activity than doxorubicin at inhibiting 
granulocyte-macrophage stem cell colonies from human bone marrow. Normal bone marrow stem cells were incubated for 14 days at 37°C with the 
agents (0.005-0.4 u-m), and colonies were then counted. The results are means of three separate experiments. 



Table J The 1C 50 values of the chelators and their iron complexes on the proliferation of neoplastic and normal cell types 
The chelators and their iron complexes were incubated with cells for 72 h. At the end of this incubation period, cell density was determined by 
the MTT assay as described in "Materials and Methods." 



Neoplastic cells, u.m Normal cells, u,m 





SK-N-MC 


BE-2 


Kelly 


MRC-5 


L8 rat skeletal 








neuroepithelioma 


neuroblastoma 


neuroblastoma 


fibroblasts 


muscle 


HUVECs 


HMDMs 


DFO 


17.9 ± 6.9 


19.5 ± 0.7 


>25 


>25 


>25 


>25 


>25 


DFO + Fe 


>25 


ND U 


ND 


>25 


ND 


ND 


ND 


311 


0.50 ± 0.1 


1.0 ± 0.2 


1.8 ± 1.0 


>25 


7.2 ± 1.8 


5.4 ± 0.7 


20.1 


311 + Fe 


>25 


ND 


ND 


>25 


ND 


ND 


ND 


Triapine 


0.2 ± 0.1 


0.8 ± 0.2 


0.4 ± 0.1 


>25 


2.7 ± 1.1 


9.4 ± 0.4 


10.6 


Triapine + Fe 


0.5 ± 0.2 


1.9 ± 0.7 


0.9 ± 0.4 


>25 


ND 


ND 


ND 



a ND, not determined. 



on ice. To this solution, 0.5 ml of KC1 (0.12 m) was added and 
the tubes incubated at 65°C for 10 min. Samples were then 
placed on ice for 5 min and centrifuged for 10 min at 3500 rpm 
at 4°C. The supernatant was added to 1 ml of HC1 (0.05 m), and 
the precipitate was resiispended in 2 ml of H 2 0 (65°C) and 
added to scintillation vials. Samples were counted using a Pack- 
ard Tri-Carb 2100TR Liquid Scintillation Counter (Perkin 
Elmer, Boston, MA). The DNA damaging agent, doxorubicin, 
was used as a positive control. 

Statistics 

Experimental data were compared using Student's paired t 
test. Results were considered statistically significant for P < 



0.05. Results are presented as the mean, mean ± SE, or mean ± 
SD of three separate experiments. 

RESULTS 

The Effects of the Chelators on Cellular Proliferation 

Considering that Triapine has entered clinical trials, it 
was of interest to initially determine the effect of this chelator 
on the proliferation of SK-N-MC neuroepithelioma cells in 
comparison with DFO and 31 1 (Fig. 1). DFO and 31 1 were 
used as the Fe chelation activity, and the antiproliferative 
effects of these compounds have been previously well char- 
acterized in this cell line (36-38, 41). Furthermore, DFO is a 
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Fig. 3 The effect of chelators on inhibiting iron 
uptake from Tf {A and B) and increasing iron 
release (C and D) from SK-N-MC neuroepithe- 
lioma cells as a function of concentration and time. 
In A. cells were incubated with 59 Fe-Tf (0.75 \xm) 
in the presence of the chelators (1-50 u-m) for 3 h 
at 37°C. In B, cells were incubated with the 
chelators (50 |xm) and 59 Fe-Tf (0.75 u.m) for 1-240 
min at 37°C. After incubation of the cells with 
59 Fe-Tf and the chelators in A or 5, the medium 
was removed and the cells washed four times on 
ice (see "Materials and Methods" for details). In C 
and D, cells were incubated for 3 h at 37°C with 
5q Fe-Tf (0.75 u-m), washed four times on ice, and 
then reincubated either (C) for 3 h at 37°C with the 
chelator (1-50 u,m) or (£>) for 0-240 min at 37°C 
with control medium or the chelator (50 [lm). The 
supernatant was decanted from the cells and 
placed into 7-counting tubes. The cells were then 
detached from the plates to estimate cellular 59 Fe 
(see "Materials and Methods")- The results are 
mean ± SE from three separate experiments. 
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clinically used Fe chelator that has been widely examined in 
many studies assessing antitumor activity, whereas 31 1 is a 
ligand with pronounced anticancer activity that may have 
clinical potential (6, 36-39). 

Both Triapine and 3 1 1 had approximately equal activity at 
inhibiting the growth of SK-N-MC cells, being significantly 
(P < 0.0001) more effective than DFO (Fig. 2A; Table 1). The 
IC 50 s for Triapine, 3 1 1 , and DFO were 0.2 ± 0. 1 jxm, 0.5 ± 0. 1 
|xm, and 17.9 ± 6.9 (xm (Table I), respectively. Interestingly, the 
addition of Fe to Triapine had no significant (P > 0.05) effect 
on its cytotoxic activity (Table 1). This could suggest a possible 
role of the Fe complex in the biological activity of Triapine. 
This is in marked contrast to both DFO and 311, in which 
complexation with Fe totally prevented their cytotoxicity 
(Fig. 2A). 

Additional studies were designed to determine whether any 
of these chelators showed selectivity for neoplastic cells com- 
pared with normal cells (Fig. 2, B and C; Table 1). Initially, 
we examined the effects of the chelators on the growth of 
SK-N-MC neuroepithelioma cells compared with MRC-5 fibro- 
blasts. For all of the experiments, the chelators had less effect on 
the growth of the fibroblasts than on SK-N-MC cells (Fig. IB). 
Particularly notable was the marked antiproliferative effects of 
31 1 (IC 50 = 0.5 u>m) and Triapine (IC 50 = 0.2 jam) in SK-N-MC 
cells and their significantly (P < 0.0001) lower activity in 
fibroblasts (IC 50 > 25 |xm; Fig. 2B\ Table 1). Indeed, the 
selective antitumor activity of 3 1 1 and Triapine was much 
greater than that found for DFO (Fig. 2B), Additional studies 
with other tumor cell types (Kelly and BE-2 neuroblastoma cell 
lines) compared with other normal cell types (L8 skeletal mus- 
cle cells, HUVECs, and HMDMs) also showed that neoplastic 
cells were more sensitive to the action of Triapine and 31 1 than 
were normal cells (Table 1). Of particular relevance were the 
results showing that 3 1 1 and, particularly, Triapine had similar 



or less antiproliferative activity against normal bone marrow 
progenitor cells than did the cytotoxic agent cisplatin (Fig. 2C). 
In addition, the antiproliferative effects of these chelators 
against these normal cells were far less than that found for the 
widely used antitumor drug, doxorubicin (Fig. 2C). It is impor- 
tant to note that, clinically, cisplatin is not a significant myelo- 
suppressive agent, whereas doxorubicin is. Because the inhibi- 
tion of colony growth by the chelators was relatively similar to 
that by cisplatin (Fig. 2C), it can be suggested that myelo- 
suppression with these agents may not be marked. 

The Effects of Triapine, 311, and DFO on Iron Uptake 
from Tf and Iron Mobilization from Cells 

To determine the mechanism of action of Triapine, studies 
were designed to determine the ability of this ligand to inhibit 
59 Fe uptake from 59 Fe-Tf (Fig. 3, A and B) and increase 59 Fe 
mobilization from prelabeled SK-N-MC neuroepithelioma cells 
(Fig. 3, C and D). Again, DFO and 31 1 were used as relevant 
internal controls. 

Iron Uptake from 59 Fe-Tf. In studies examining the 
effect of chelator concentration on 59 Fe uptake from 59 Fe-Tf, 
3 1 1 was the most active compound, markedly reducing 59 Fe 
uptake to 20 ± 4% of the control value at concentrations as low 
as 5 p.M (Fig. 3A). In contrast, DFO had little effect, even at the 
highest ligand concentration tested (Fig. 3,4). These results with 
DFO and 311 are in good agreement with our previously pub- 
lished work (36-38). Triapine was slightly more effective than 
DFO but only at concentrations of 40 u,m or greater (Fig. 3/4). 
However, Triapine had far less activity than 311, reducing 59 Fe 
uptake from 59 Fe-Tf to 73 ± 5% of the control value at the 
highest concentration tested (i.e., 50 jxm; Fig. 3A). 

Additional experiments investigated the effect of incuba- 
tion time on 59 Fe uptake from 59 Fe-Tf (Fig. 3B). The effect of 
Triapine at reducing 59 Fe uptake was most pronounced at the 
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longest incubation time of 240 min, at which it reduced 59 Fe 
uptake to 76 ± 8% of the control, there being no significant 
difference when compared with DFO (Fig. 35). Again, the most 
effective ligand was 311, which reduced 59 Fe uptake from Tf to 
9 i 1 % of the control after 240 min of incubation (Fig. 3B). 

Iron Mobilization. The effect of ligand concentration on 
increasing 59 Fe mobilization from SK-N-MC cells was exam- 
ined by labeling cells with 59 Fe-Tf (0.75 p,M) for 3 h at 37°C 
followed by washing and reincubation with the chelators for 3 h 
at 37°C (Fig. 3C). DFO was the least effective ligand examined, 
showing little effect on 59 Fe release from these cells. Indeed, 
even at 50 jam, DFO released only 12 ± 1% of cellular 59 Fe, 
whereas control medium released 5 ± 1% (Fig. 3C). The 59 Fe 
release induced by Triapine increased to a concentration of 20 
jxm and then plateaued up to 50 jxm; at this concentration, the 
ligand was shown to mobilize 24 ± 1% of cellular 59 Fe 
(Fig. 3Q. Hence, on a concentration basis, Triapine was ap- 
proximately twice as effective as DFO in terms of inducing 5y Fe 
mobilization from SK-N-MC cells. As found previously (36, 
37), 311 markedly increased cellular 59 Fe release from 5 ± 1% 
(control medium) to 50 ± 3% at a chelator concentration of 
1 jxm (Fig. 3C). The 59 Fe mobilization from cells mediated by 
3 1 1 plateaued at a concentration of 5 |xm, at which concentration 
56 ± 1% of cellular 59 Fe was released (Fig. 3Q. 

In terms of the efficiency of 59 Fe mobilization, 31 1 again 
was the most effective compound, whereas Triapine was more 
effective than DFO at incubation times from 60-240 min 
(Fig. 3D). After an incubation of 240 min, DFO, Triapine, and 
311 released 20 ± 1%, 32 ± 3%, and 62 ± 1% of cellular 59 Fe, 
respectively, whereas control medium mobilized 5 ± 1% 
(Fig. 3D). 

The Effect of Triapine, 311, and DFO on 1RP 
RNA-Binding Activity 

To further characterize the effects of these chelators on 
cellular Fe metabolism, we examined their effect on the RNA- 
binding activity of the IRPs. The IRPs play an essential role in 
regulating intracellular Fe metabolism because they control the 
expression of a variety of molecules involved in Fe uptake (e.g., 
TfRl) and Fe storage (e.g., ferritin; reviewed in 6). There are 
two IRPs, IRP1 and IRP2, which, in human cells, comigrate in 
nondenaturing polyacrylamide gels (Fig. 4). All three of the 
ligands increased active IRP-RNA-binding activity as a function 
of chelator concentration, although Triapine was less active in 
this regard (Fig. 4). The Fe-complex of Triapine, in contrast to 
the ligand, did not increase active IRP-RNA-binding activity 
and, actually, slightly decreased it compared with the control 
(Fig. 4). 

The Effect of Triapine and 311 on RR Activity 

Previous studies have demonstrated that DFO inhibits 
RR activity because of its ability to bind cellular Fe (6. 22). 
In view of the differing abilities of Triapine and 311 to 
mobilize cellular Fe (Fig. 3, C and D) t it was important to 
assess the effect of these chelators on RR activity. To directly 
determine the effect of chelators on the activity of this 
enzyme in intact cells, EPR spectroscopy was used. As 
shown in previous studies (22), the reaction of the binuclear 
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Fig. 4 The effect of chelator concentration on IRP-RNA binding ac- 
tivity in SK-N-MC neuroepithelioma cells. Cells were incubated with 
the chelators (1-20 p.M) for 20 h at 37°C and IRP-RNA binding activity 
then assessed in the presence and absence of [J-mercaptoethanol ($-ME; 
see "Materials and Methods"). Quantitation of the active IRP-RNA- 
binding activity via densitometry is shown below the autoradiograph. 
The results are a typical experiment from three performed. 



Fe center of RR with oxygen generates a tyrosine radical that 
gives a characteristic EPR signal at g = 2.0. The presence of 
the tyrosyl radical is directly proportional to enzyme activity 
and has already been shown to give a direct measure of RR 
activity (22). Treatment of SK-N-MC cells for 24 h with 
either 31 1 or Triapine decreased the tyrosyl radical of RR to 
48 and 61% of the control, respectively. These data indicate 
that despite the difference in the ability of these ligands to 
chelate cellular Fe (see Fig. 3), both are effective at inhibiting 
RR. The ability of DFO to inhibit RR activity has been well 
described (6, 22) and is not presented in the present study. 

Effect of the Chelators on the Expression and Translation 
of Molecules Involved in Cell Cycle Progression 
and Proliferation 

The effect of Triapine on the expression of cell cycle 
control molecules was compared with DFO and 31 1 (Fig. 5, 
A and B). The molecules examined included the retinoblas- 
toma susceptibility gene product (pRb), the cyclins (cyclin A, 
E, Dl, D2, and D3), and the cyclin-dependent kinases Cdk2 
and Cdk4. All of these proteins play critical roles in G r S- 
phase progression and were important to assess because 
chelators are well known to arrest cells at this stage of the 
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Fig. 5 The effect of the chela- 
tors on the expression of mole- 
cules involved in the cell cycle 
and proliferation. A, the effect 
of DFO. 311, orTriapine on the 
expression of the retinoblas- 
toma gene susceptibility prod- 
uct (pRb), cycl in-dependent ki- 
nase 2 {Cdk2), Cdk4, the 
cyclins A, E, Dl, D2, and D3. 
The SK-N-MC neuroepithe- 
lioma cells were incubated for 
24 h at 37°C with DFO (150 
u.m). 3 1 1 (25 jxm), or Triapine 
(25 jxm). B. the effect of DFO, 
31 1. or Triapine on the level of 
TfRL GADD45, and WAFI 
mRNAs. Densitometric analy- 
sis relative to the (3-actin load- 
ing control is shown to the right 
of the autoradiographs. Cells 
were treated as described in A, 
and Northern blot analysis per- 
formed (see "Materials and 
Methods")- C, the effect of 
DFO, 311, and Triapine on 
TfRl protein levels. Cells were 
treated as described for A and 
B, and Western analysis was 
performed (see "Materials and 
Methods")- Results shown are 
representative of three experi- 
ments performed. kDa, M r in 
thousands. 



kDa 
pRb 110 - 

Cdk-4 36 - 

Cdk-2 34 - 

(i-ectin 47 - 



kDa 

CyclinA 60-* 
Cycfin E (g z: 
Cyckn D 1 34 — » 
Cyclin D 2 34 -» 
Cycl in D 3 34 — * 
p-actin 47 -p. 



2 

a. 



e 3 S 

c O 

o u. x: 

O O r> 



B 




CJ O r> h- 



kDa 
TTR 90 — 
p-actin 47-* 



8 

c zz ' 
c O 

8 b 



i ? i 



e - a 

O D 





cycle (6). Phosphorylation of pRb by G, Cdk activity is 
critical for cell cycle progression. In SDS gels, pRb separates 
into two bands, the top band being the hyperphosphorylated 
molecule (56; see control, Fig. 5A). As found previously for 
DFO and 311 (41), these chelators and Triapine decreased 
phosphorylation of pRb (Fig. 5A). Triapine also acted to > 
slightly decrease unphosphorylated pRb. The decrease in pRb 
phosphorylation may be attributable to the marked decrease 
in the levels of cyclin Dl, D2, and D3 and Cdk2 that are 
found after incubation with each chelator (Fig. 5,4). In con- 
trast to these effects, DFO and 311 had little appreciable 
influence on cyclin A levels, whereas Triapine slightly de- 
creased it. Both DFO and 31 1 increased the expression of the 
cyclin E M r 42,000 and M T 50,000 bands when compared with 
the control, whereas Triapine increased the M r 50,000 band 
but had little effect on the M T 42,000 band (Fig. $A). In terms t , 
of the effects of the chelators on Cdk4 protein levels, DFO 
had little effect, whereas 31 1 and Triapine slightly reduced it 
(Fig. 5/4). The effect of 3 1 1 on Cdk4 levels was somewhat 
variable, with no effect being observed in other experiments 
(data not shown). 



As shown for 311 and DFO in previous studies (38), 
Triapine also acted to increase the expression of the mRNA 
levels of the TfRl and the cell cycle-inhibitory genes, 
GADD45 and WAFI (Fig. SB). However, whereas DFO and 
311. markedly increased TfRl mRNA levels to 10-15-fold 
greater than the control, Triapine was far less effective, 
resulting in a 3-fold increase in TfRl mRNA expression over 
the control (Fig. 5i?). This result with Triapine at the mRNA 
level was consistent with the expression of TfRl protein that 
increased to a similar extent after incubation with this ligand 
(Fig. 5Q. However, it is of interest to note that, whereas 311 
and DFO markedly increased TfRl mRNA levels to 10-15- 
fold greater than the control (Fig. SB), they increased TfRl 
protein levels only 2.5-2.8-fold (Fig. 5C). In fact, 311 and 
DFO were only slightly more effective than Triapine at 
increasing TfRl protein expression (Fig. 5Q. The reason for 
this difference in mRNA and protein expression for 31 1 and 
DFO remains unclear at present. The effects of Triapine on 
ferritin protein expression were simply inversely related to 
that found for the TfRl, as per IRP-1RE theory (data not 
shown). 
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Fig. 6 Effect of the chelators on iron-mediated free-radical production as assessed by: A, Fe(III)-induced oxidation of ascorbate; B, the Fe(Il)-induced 
hydroxylation of benzoate; and (Cand D) the integrity of the plasmid pGEM-7Z/i + ) when incubated in the presence of Fe(II) and hydrogen peroxide. 
Ascorbate oxidation, benzoate hydroxylation, and the integrity of plasmid DNA were assessed as described in the "Materials and Methods." 
£), densitometry analysis of the results in C, showing the percentage of DNA in its SC form. The results are mean ± SE of three experiments. 



The Ability of Chelators to Effect Iron-dependent 
Free-Radical Damage 

Chelators that bind Fe and then facilitate redox reactions 
(e.g., Fenton chemistry) may cause cytotoxicity (48). This is an 
important component of the antitumor effects of some of the 
most potent chemotherapeutic agents in use (e.g., doxorubicin 
and bleomycin; Ref 57). In the present study, we have assessed 
the ability of the chelator-Fe complexes to effect Fe-mediated 
free radical production by using the ascorbate oxidation, ben- 
zoate hydroxylation, and plasmid DNA cleavage assays. In all 
of these experiments, EDTA and DFO were used as internal 
controls- because their effects have been well characterized (48, 
58, 59). 

Ascorbate Oxidation. Fig. 6A shows the effects of the 
chelators on the reducibility of Fe(III) as determined by ascor- 
bate oxidation. The oxidation of ascorbate by EDTA was pro- 
nounced at all chelator:Fe(III) ratios (expressed as IBEs; see 
''Materials and Methods" for details). At IBE ratios of 0.1, 1, 
and 3, EDTA increased ascorbate oxidation to 276 ± 29%, 
870 ± 43%, and 918 ± 14% (three experiments) of the control, 
respectively (Fig. 6A). In contrast. DFO and 311 markedly 
prevented ascorbate oxidation as the IBE ratio increased, reduc- 
ing it to 1 0% of the control (DFO) or less (311) at an IBE ratio 



of 3. On the other hand, Triapine increased ascorbate oxidation 
at IBE ratios of 1 and 3 to 282 ± 28% and 203 ± 33% (three 
experiments) of the control, respectively (Fig. 6A). 

Benzoate Hydroxylation. As shown previously by oth- 
ers (48), EDTA increased benzoate hydroxylation, particularly 
at IBE ratios of 1 and 3, when it was increased to 21 1 ± 10% 
and 153 ± 14% of the control, respectively (Fig. 6B). DFO had 
little effect on benzoate hydroxylation at all of the chelator: 
Fe(II) ratios (Fig. 65), and this agreed well with previous work 
by others (48). This result may be explained by the low affinity 
of DFO for Fe(II) relative to Fe(IlI) (60). Experiments using 3 1 1 
showed that benzoate hydroxylation was significantly inhibited 
only at an IBE ratio of 3 (Fig. 6B). At an IBE ratio of 0.1, 
Triapine had no effect on benzoate hydroxylation. However, 
when Triapine was used at IBE ratios of 1 and 3, benzoate 
hydroxylation increased to 183 ± 4% and 292 ± 9% of the 
control, respectively (Fig. 6B). Hence, in these experiments, 
when the IBE ratio was equal to 3, the ability of Triapine to 
hydroxy late benzoate in the presence of Fe(II) was more marked 
than EDTA (Fig. 6B). 

Effect of the Chelator-Fe Complexes on Plasmid DNA 
Integrity. Previous studies have shown that some chelators 
can prevent the Fe-dependent hydroxyl radical-mediated strand 
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breaks in plasmid DNA (50). In the present study, we examined 
the ability of chelators to prevent Fe-mediated hydroxy 1 radical 
damage. Untreated plasmid or plasmid treated with H 2 0 2 runs 
on agarose gels as a single band of DNA in its SC form (Fig. 6 
C and £>). Treatment of the plasmid with the restriction enzyme 
BamU\ resulted in linear DNA. On treatment of the plasmid 
with Fe(II) and H 2 O z (Fig. 6, C and £>), the SC DNA was 
converted into the Tf state and a small amount of the linear 
form. This result is attributable to Fe-induced hydroxyl radical- 
mediated single- and double-strand breaks in DNA, respectively 
(Fig. 6, C and D). 

Although EDTA was redox active in both the ascorbate 
(Fig. 6A) and benzoate hydroxylation assays (Fig. 6B), this 
chelator was protective of SC plasmid DNA at IBE ratios of 1 
or 3 in the presence of Fe(ll) and H 2 0 2 (Fig. 6, C and D). This 
was consistent with the well-known protective effects of EDTA 
on DNA. Indeed, at an IBE ratio of 3, 84% of SC DNA was 
observed compared with only 9% at an IBE ratio of 0. 1 . DFO 
was most protective against Fe(II)- and H 2 0 2 -mediated plasmid 
damage at an IBE ratio of 3 (Fig. 6, C and Z>). The lower 
efficacy of DFO than that of EDTA to protect against Fe(II)- 
mediated DNA damage may again relate to the much lower 
affinity of DFO for Fe(II) than for Fe(lII) (60). Unlike DFO and 
EDTA, 31 1 exhibited no marked ability to protect SC DNA in 
the presence of Fe(II) and H 2 0 2 (Fig. 6, C and £>), and this is 
probably related to the very low affinity of the PIH group of - 
ligands for Fe(II) (60, 61). In light of these data, it should be 
noted that the Fe(Il)-EDTA complex has a pM (a measure of 
ligand metal ion affinity) of 14.3, whereas that of DFO is 7.6 
and PIH (a close structural analogue of 311 with identical 
Fe-binding sites) has a pM of 6 (pM = 6 is equivalent to 
undetectable binding; Refs. 60, 61). These differences in bind- 
ing affinity for Fe(ll) are significant and may account, in part, 
for the marked protective effect of EDTA, the lesser protective 
effect of DFO, and the fact that 311 did not prevent plasmid 
degradation (Fig. 6, C and D). 

Interestingly, in contrast to the observations for 31 1 in the 
plasmid degradation procedure (Fig. 6, C and D), the 311-Fe 
complex appeared to be redox-inactive in both the ascorbate 
(Fig. 6A) and benzoate assays (Fig. 6B). These data are con- 
sistent with the observation that the 311 -Fe complex did not 
inhibit cellular proliferation (Fig. 2A). The reason for the dis- 
crepancy between the benzoate hydroxylation and plasmid DNA 
assay may relate to differences in the interactions of 31 1 and/or 
Fe(II) with benzoate and DNA. 

In contrast to the other chelators, Triapine resulted in = 
marked DNA degradation in the presence of H 2 0 2 and Fe(Il), 
this reaction being so intense that no plasmid could be detected 
(Fig. 6, C and D). This latter effect was correlated with the 
ability of Triapine to cause oxidation of ascorbate (Fig. 6A) and 
to hydroxylate benzoate (Fig. 6B), These results, considered in 
conjunction with the fact that the Triapine Fe-complex main- 
tains its cytotoxic effects (Fig. 2A\ strongly suggest that the 
mechanism of cytotoxicity of this chelator is different from 
either DFO or 311 and involves the generation of cytotoxic 
free-radical species. Finally, it should be noted that all of the . 
chelators in the absence of Fe had no effect on plasmid integrity 
(data not shown). 

In the experiments examining ascorbate oxidation, benzo- 



ate hydroxylation, and plasmid DNA degradation, it could be 
suggested that the kinetics of complex formation may play a role 
in the assays. To determine whether this was the case, Fe 
complexes were preformed by incubating Fe and the chelator for 
1 h in solutions degassed with N 2 . Examination of these solu- 
tions using UV-Vis spectrophotometry showed that the Fe com- 
plex had formed. When these Fe complexes were compared with 
the usual assay procedures without preincubation of the chela- 
tors with Fe, there was no difference in the results obtained. 
These data indicate that the kinetics of complex formation does 
not play a role in the results obtained. Indeed, the capability of 
chelators such as EDTA to markedly inhibit plasmid DNA 
degradation indicates their ability to sequester Fe from DNA 
and prevent the formation of DNA-Fe complexes. 

The Effect of Chelators on Intracellular GSH Levels and 
the Proportion of Precipitable DNA in SK-N-MC Cells 

In additional experiments we examined the effects of in- 
cubating the chelator for 24 h on indices of redox status and 
DNA damage in living cells. We assessed the effects of the 
ligands on the major cellular reductant GSH, which is sensitive 
to oxidant stress. We also examined the proportion of precipi- 
table genomic DNA in cells because this is indicative of DNA 
damage (55). 

As a positive control in studies examining the effects of the 
chelators on GSH levels, we have used the specific GSH syn- 
thesis inhibitor, BSO (0.1 itim; Ref. 53), which reduced GSH 
levels to 41 ± 1% of the control. Both 3 1 1 (50 u,m) and Triapine 
(50 p.M) were similarly effective, reducing GSH levels to 42 ± 
2% and 41 ± 4% of the control, respectively. In contrast, DFO 
showed far less effect even at a concentration of 100 jxm, 
reducing GSH levels to 80 ± 5% of the control. 

In the DNA precipitation assay, the DNA-damaging agent, 
doxorubicin (10 u,m), was used as a positive control and signif- 
icantly (P < 0.0001) reduced precipitable DNA to 22 ± 3% of 
the control after a 24-h incubation. Triapine significantly (P < 
0.0001) decreased the precipitation of DNA to 65 ± 3% and 
62 ± 1% of the control at a concentration of 10 and 50 jam, 
respectively. At a concentration of 10 jjlm, 311 was slightly less 
effective than Triapine, reducing DNA precipitation to 81 ± 4% 
of the control. However, at 50 jam, the activities of Triapine and 
3 1 1 were very similar, 3 1 1 decreased the precipitation of DNA 
to 61 ± 6% of the control. 

DISCUSSION 

We show that the potent Fe chelator 3 1 1 demonstrates 
selectivity against cancer cells compared with normal cells 
in vitro (Fig. 2, B and C; Table 1). In addition, the selective 
antitumor activity of 31 1 is similar to Triapine and much greater 
than that of DFO. Considering the success of DFO and Triapine 
in vitro, in vivo, and in clinical trials (14-20, 28), this study 
confirms the potential of Fe chelators as antitumor agents. 
Furthermore, our present investigation supports the continued 
examination of new ligands such as 311 (36-39, 41). 

To our knowledge, this study is the first to demonstrate that 
Triapine can act as a chelator to prevent Fe uptake from Tf 
(Fig. 3, A and B) and increase Fe mobilization from cells (Fig. 3, 
C and D). Because Triapine is undergoing clinical trials as an 



412 Iron Chelators as Antitumor Agents 



antitumor agent (28), it is vital to further understand the basis of 
its mechanism of action. It was also important to determine the 
mechanism of action of Triapine in relation to the PIH analogue, 
311, which demonstrates structural similarity (Fig. 1) and much 
greater antiproliferative activity than DFO (36-39). Surpris- 
ingly, there has been no comprehensive analysis of the effects of 
Triapine on Fe metabolism at the molecular or cellular level. 

Our study indicates that the ability of Triapine to mobilize 
Fe from cells is about twice as great as that of DFO, but much 
less than that found for the cytotoxic Fe chelator, 311. In 
addition, Triapine had about the same activity as DFO at inhib- 
iting Fe uptake from Tf, but again both of these chelators were 
much less efficient than was 311. Previous investigations with a 
related compound, namely, 2-formylpyridine thiosemicarba- 
zone, showed that it could bind Fe (62). However, none of these 
latter studies assessed the effects of this agent on the cellular or 
molecular mechanisms involved in Fe metabolism. The extent 
of Fe chelation with Triapine observed in our in vitro studies is 
appreciable enough to suggest that the Fe status of patients 
undergoing Triapine therapy should be carefully monitored. 
Considering this, it is notable that another related thiosemicar- 
bazone, namely 5-HP (Fig. 1), did increase Fe excretion from 
patients (33). 

It was of interest to find that in contrast to the Fe com- 
plexes of DFO and 311, the Triapine-Fe complex showed cy- 
totoxicity that was similar to the free ligand (Fig. 2A). These 
results suggest that the Triapine-Fe complex may play a role in 
Triapine cytotoxicity. Indeed, four other lines of evidence also 
indicated that the Triapine-Fe complex was redox active: (a) 
Triapine increased the oxidation of ascorbate in the presence of 
Fe(III), whereas DFO and 31 1 prevented it (Fig. 6A); (b) Tria- 
pine acted to increase the hydroxylation of benzoate in the 
presence of Fe(II), being more efficient than the positive control 
EDTA (Fig. 6B); (c) in contrast to DFO and 3 1 1 , in the presence 
of Fe(ll), Triapine resulted in marked plasmid DNA degradation 
even at very low concentrations (Fig. 6, C and D); and (d) 
incubation with Triapine resulted in depletion of the cellular 
reductant GSH. This latter effect was probably mediated by the 
localized generation of hydroxyl radicals close to DNA by 
the Triapine-Fe complex. These results suggest that, apart from 
the ability of Triapine to bind cellular Fe, the production of free 
radicals by the Fe complex of this ligand may also play a role in 
its antitumor activity. Triapine appears to mediate selective 
antitumor activity by forming toxic Fe complexes and thus 
utilizes the accumulated Fe in cancer cells as a means of 
imparting cytotoxicity. With this in mind, we examined whether 
there was antagonism between other chelators and Triapine. 
Interestingly, there was no effect on Triapine cytotoxicity when 
cells were coincubated with the Fe chelators DFO or PIH (data 
not shown). This suggests that the chelators may bind distinct Fe 
pools within cells to exert their effects. 

Both Triapine and 31 1 caused considerable depletion of the 
major intracellular reductant, GSH. In addition, Triapine and 
3 1 1 acted to decrease the proportion of precipitable DNA, 
although Triapine was more effective than 3 1 1 at low concen- 
trations, and this was consistent with its destructive effects in the 
plasmid degradation assay (Fig. 6, C and D). This latter obser- 
vation suggested that these chelators induced DNA damage or 



prevented DNA repair, as observed for the cytotoxic agent 
doxorubicin. 

Considering the possible role of the redox activity of the 
Triapine-Fe complex in its antiproliferative activity, it was 
somewhat surprising to find that the compound showed selec- 
tivity against neoplastic cells compared with fibroblasts (Table 
1 ; Fig. 2B). It can be suggested in neoplastic cells that an Fe 
pool must be present that is more susceptible to the action of 
Triapine than that of normal cells. The identity of this cellular Fe 
pool remains unknown at present and is the subject of ongoing 
investigations. 

In terms of the biological targets of these ligands, our 
present studies directly demonstrate, using EPR spectroscopy, 
that both 31 1 and Triapine inhibit RR as part of their action. 
These results for 311 are supported by our previous studies, 
which demonstrated that this chelator acts to markedly inhibit 
[ 3 H]thymidine incorporation into DNA (37). Previous investiV 
gations have suggested that a major target of heterocyclic thio-1 
semicarbazones, including Triapine, is RR (28, 63). In fact, thd 
Fe complex of this class of compounds is far more effective at! 
inhibiting RR than is the ligand alone (64, 65). Considering ourl 
results, the inhibition of RR by Triapine could be caused by twoj 
effects of this chelator. First, Triapine depletes intracellular Fe! 
pools that may be used to supply the R2 sub unit of RR; and,\ 
second, the subsequent formation of the Fe complex may then j 
generate free radicals that damage RR and other vital molecules, ( 
e.g., DNA. In this latter respect, Triapine appears similar to 
doxorubicin and bleomycin, both of which can redox cycle to 
generate free radicals after binding metal ions (57). Clearly, 
although the cytotoxicity and structures of 3 1 1 and Triapine are 
similar (Figs. 1 and 2), there is a marked difference in their 
mechanisms of action. Triapine has Fe chelation efficacy that is 
similar to that of DFO (Fig. 3) and is capable of generating 
reactive oxygen species after binding Fe (Fig. 6B). On the other 
hand, 3 1 1 has far greater Fe chelation activity than does either 
DFO or Triapine (Fig. 3) and forms an Fe complex that is 
redox-inactive (39). 

For many years, the RR inhibitor, HU, has been used in the 
treatment of chronic myelocytic leukemia (66). . However, HU 
has limited usefulness because of its short biological half-life, its 
relatively low affinity for RR, and the fact that resistance can 
develop against this agent (67-69). Nevertheless, the clinical 
usefulness of HU suggests that more effective RR inhibitors 
should have great potential as antineoplastic agents. Some Fe 
chelators are powerful inhibitors of RR because of their ability 
to bind Fe (6). Furthermore, specific Fe chelators can affect a 
variety of other metabolic pathways. For example, some ligands, 
such as 311, markedly inhibit Fe uptake from Tf and increase 
Fe mobilization from cells (36-38). Hence, the activity and 
potential of Fe chelators as antitumor agents are greater than 
those of HU. 

Apart from the effect of the chelators on RR and Fe uptake 
from Tf and Fe mobilization from cells, it is of interest to note 
that DFO, Triapine, and 311 all decreased the phosphorylation 
of pRb and the expression of the cyclin D family (cyclin 
D1-D3) and also Cdk2 (Fig. SA). All of these molecules are 
essential for G,-S-phase progression and may be either direct or 
indirect targets of the ability of the ligands to bind cellular Fe 
pools. 
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In summary, the present study has demonstrated that the 
novel Fe chelator 311 shows selective antiproliferative activity 
against tumor cells that is similar to the activity of Triapine and 
much greater than that of DFO. In addition, we showed that 
Triapine acts as a chelator to increase Fe mobilization from cells 
and to prevent Fe uptake from Tf. However, the Fe chelation 
efficacy of Triapine is similar to that of DFO and much less than 
that of 3 1 1 . Whereas the Fe complexes of 3 1 1 and DFO do not 
inhibit proliferation, the Triapine-Fe complex possesses pro- 
nounced antiproliferative activity, which may be related to its 
redox properties that result in the generation of cytotoxic free 
radicals. 
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